In this paper we describe how we engaged a group of healthy older adults in lifelogging and how we used their data to help design a healthy-aging intervention. 35 participants (mean age = 73.6, age range 59-88, Men=15, Women = 20) were tracked longitudinally for 18 months. Participants provided data at three time points. This involved the use of activity trackers, GPS trackers, and paper diaries. A number of well-established psychometric scales were also administered to gather standardised measures of health and wellbeing. While the data provides insight into the relationship between physical and social activity with regards to wellbeing, we aim to show that the nature of these relationships provide insight into how to design effective healthy-living interventions for older adults. By using the better predictors of wellbeing, we can target change in specific areas and assess change in those areas. While our sample is of relatively high-functioning older adults, we argue that understanding how they maintain wellbeing allows us to understand how to promote wellbeing amongst more inactive and frail older adults. Results showed the importance of specific types of social involvement such as meeting activity-group members and we propose that recommender systems should target these more important predictors of well-being.
Introduction
In the past 40 years biopsychosocial models of health have begun to paint a vastly more complex picture of health as the outcome of the dynamic interactions between body, mind, and environment rather than merely the absence of disease. When it comes to older adults' health, behavioural efforts are focused around remaining physically, cognitively and socially active past retirement age. As part of the ACANTO project we wanted to build a recommender system to encourage such activity and to promote well-being among older adults. Our basic approach was to begin by understanding what activities are most beneficial to older-adult well-being so that we had a clear idea of how to design a recommender system to promote well-being. Firstly, to show the importance of designing for wellbeing, we survey some of the literature that shows the benefits of physical and social activity. We then move on to consider how older quantification of older adults could be used to design a recommender system for well-being.
Benefits of physical activity
Extensive research shows the benefits of physical activity for older adults. Higher physical activity predicts reduced depression [51] , reduced cognitive impairment [4] , and reduced fear of falling [47] . It also potentially results in increased quality of life scores [35] . A review paper looking at a variety of studies found that increased physical activity leads to improved life satisfaction and reduced health problems [48] . This review also found that the effects of physical activity were mediated by the enjoyment of such activities, increases in self-efficacy, and increases in self-satisfaction. Effects were moderated by sudden decreases in physical activity, their perception of the value of physical activity, and the influence of important others [48] .
Benefits of social activity

Life-logging for wellbeing
According to the Biopsychosocial model of health [21, 38] both biological dynamics (ones that capture the physical elements of the body) and interpersonal dynamics (ones that refer to actual or perceived social contacts) contribute to wellbeing interactively. Indeed, empirical evidence suggests social networks and role-related conflicting demands, may be important drivers of physical activity [7] and that even having someone in close proximity is a predictor of higher physical activity [42] . Given the importance of physical and social activity both separately and together for well-being, it is helpful to look for sources of such data in the lives of older-adults. With the proliferation of sensors that enable individuals to track various aspects of their lives, scholars have begun to talk about the quantified self -a picture of the self, built through longitudinally collected activity data. The notion of the quantified self involves building and understanding of one's own activity patterns and baseline measures [53] . Such data can be collected via self-report measures [6] but is more often collected through the use of digital devices, e.g. fitness trackers, GPS monitors, cameras and heart-rate monitors (to give only a few examples). A great number of healthrelated parameters discussed above could be potentially tracked, these can be classified into four broad domains [49] : physical states (e.g., steps), psychological states (e.g., mood), social interactions (e.g., Facebook "likes") and the environmental context they are in (e.g., pollution, pollen count). Together these domains comprise the source material for life-logging. A body of literature suggests that older adults see value in keeping track and have been involved in pen-and-paper life-logging even before the arrival of digital technology [24] . Many older adults see great benefits in logging at least some aspects of their lives that they are interested in [11] . Wearable activity trackers are also gaining popularity, even though it is not clear if their default activity goals are suitable for older adults in terms of intensity [54] . Wearable trackers are a feasible consumer option for older adults as they are easy to use and affordably priced [3] . Wearables have also been shown to have high criterion validity in measuring walking in older adults [45] . Given the widespread use of activity trackers and their usefulness in assessing physical activity, we wanted to see if such data could give insight into how to design for well-being.
The ACANTO recommender system and social network
We began work on a digital ageing-well intervention as part of a larger project for assisted living. The ACANTO social network is designed primarily with older adults in mind. The system will operate around understanding users' interests and hobbies and its main function will be to recommend events and activities based on those interests/hobbies. The system will also connect older adults in groups or social circles with common interests. Recommendations will provide comprehensive information on events including logistical aspects, information about other attendees as well as means for planning, goal setting and tracking of social, cognitive and physical involvement. For example, a recommended event could be, "There is a meeting of the local history group in town, tomorrow at 2pm" or "There is a demonstration of gardening skills at the local allotments, tomorrow at 3pm." Ultimately, the purpose of the social network is to provide daily opportunities for keeping active in old age and thus, delaying the onset of geriatric frailty. While there are other components of the project (such as an assisted walker), we focus here on the recommender-system and social network aspects of the project. To design these components effectively, we needed to be able to identify the best activities for wellbeing in order to focus on them in the recommender system and social network.
Previous work on activity recommendation systems
While there are many different types of recommender systems (RS), we are interested in recommender systems for events specifically. With the advent of Event-Based Social Networks [39] research has increasingly focused on how to recommend events to users that they will enjoy. One of the unique challenges of eventbased RS is that events occur only once and it is not often possible to recommend them again if they were previously enjoyed ("content-based RS" [9] ). Additionally, given the variables involved in distinguishing different events that have some similarities (e.g. watching football and playing football are both "football" events but very different in nature), it can be very difficult to recommend events to users. However, the research shows that when algorithms are compared a combination of content-based recommendations and collaborative filtering is more effective than other approaches [15, 20, 37] . Such an approach recommends events to users if they are similar to past events that similar users enjoyed. From our perspective, these approaches are valuable in that they seek to recommend events to users that they enjoy by using data about their preferences and those of similar others. However, while that is part of our goal (facilitating enjoyment), we also want to recommend events to users that will be good for their well-being. This requires not only a recommender system that generates likeable recommendations, but one that generates recommendations based on prior knowledge about what aids wellbeing.
Behaviour change and wellbeing interventions
Our aims for the project are drawn from research into behaviour change that suggests interventions be (1) easy for users to perform, (2) attractive to users, (3) social and (4) timely [27] . When designing an intervention to improve the well-being of older adults by recommending social and physical activities we therefore need to ensure that the activities recommended are: (1) easy and reflect the kinds of activities older adults might normally perform. This requires gathering data about the kinds of activities healthy older adults regularly perform. (2) Attractive to users in that they appeal to users' personal interests. (3) Social in that they are situated within the user's network of friends and involve that network in the activity recommendations. (4) Timely in that the recommendations occur when the users are likely to take part in the activities and recognise the temporally situated nature of activity-performance. These behaviour-change requirements form the basis for our objects of interest in this study: we look at the kinds of activities of regular activities older adults perform that are good for well-being (easy and attractive), we look at the kinds of social contact that are good for well-being (social), and we look at the times at which older adults perform regular activities (timely).
Aims and Objectives
The present study aimed to use life-logging data from a cohort of older adults to understand the sources of wellbeing in older adults to design an effective recommender system for social and physical activities. Based on the literature we reviewed we made the following predictions:
• There will be a positive relationship between physical activity and well-being • There will be a positive relationship between social activity and well-being • Different types of physical (e.g. walking or exercise) and social (e.g. religious or interest-group) activity will have different effects on well-being • Over time there will be changes in well-being as a result of changed social or physical activity In terms of design, our goal was to see if tracking data from older adults would provide data that let us predict the sources and patterns of wellbeing. Then, using the data about what is most beneficial for well-being, we seek to develop a system that can support that wellbeing. In an integrated system, the continuous input of lifelogging data would monitor the wellbeing of the users and this could then be used as the basis for recommending activities for the user that are of demonstrable benefit. While we draw on aggregated data in this study in order to make statistical inferences, individual data collected over a longer period of time would provide the basis for a personalised recommendation system that would consider the accessibility of an individual user.
METHOD
Design
The study used a longitudinal design across an 18 month period. The life-logging data comprised of both data collected via sensors (GPS and activity trackers) and via self-report (diaries and questionnaires).
Participants
35 participants (mean age = 73.6, age range 59-88, Males=15, Females= 20) were recruited in England from the North East Age Database held at [NAME] University. While the sample size was relatively small, gaining large samples for longitudinal studies is a challenge. Participants all lived independently in the community and were mostly retired or semi-retired. They were almost entirely White British and possessed a variety of qualifications that indicated a generally high level of education. Most participants were in relatively good health although one participant was blind and one had chronic fatigue syndrome. While a less healthy sample with lower well-being would have been helpful in this study to see if well-being scores could be improved for them, the realities of gaining participants in this demographic meant that it is difficult to get access to those participants for a longitudinal study.
Devices
The Qstarz BT-Q1000XT GPS tracker was used to track the participant's location. From this was derived speed of walking and distance travelled between points. The device was generally reliable, and participants had to charge it every day or two. Data was transferred directly via a USB cable for analysis. 11 GPS trackers were used in the study meaning that not every participant used a GPS tracker at each time point. Misfit activity trackers (Flash 1 , Shine 2 and Shine 2 3 ) were worn to measure daily steps. The Misfit trackers were chosen because of the long battery life (several months) and while the Flash was used initially, problems with water-resistance led to the use of the Shine (which had problems with falling out of the watch strap) and the Shine 2. The Misfit API allowed data to be accessed for analysis.
Psychometric instruments
While life-logging data showed at a granular level the activities of participants and changes taking place, we also used standardised psychological measures in order to understand the wellbeing of participants. These were measured via an annual questionnaire. Key measures we used were:
• Falls Efficacy Scale International Short form [34] -to assess fear of falling
• Geriatric Depression Scale [1, 56] • The Brief Resilience Scale [50] -to assess psychological resilience • Personal wellbeing index [32] • de Jong [26] -a measure of loneliness • EuroQL 5D 5L (Quality of Life) [31] -a health-related quality of life measure
• UAB life-space assessment [46] -an index of the general radius in which a participant lives their life Daily diaries completed by participants at set intervals across the 18 months. These diaries contained the following measures:
• Mood (PANAS scale) [55] • Social or physically active activities (qualitative response)
• People you met with today outside of people in your home (qualitative response)
• Perception of physical activity (Likert 5-point scale)
• Perception of social involvement (Likert 5-point scale)
• Perception of cultural involvement (Likert 5-point scale)
• Perception of creative-activity involvement (Likert 5-point scale)
• Life-space zones (5 questions derived from UAB lifespace scale [46] )
• Other reflections on the day (qualitative response)
Procedure
Participants were asked to commit to participation for the duration of the project (with the right to withdraw for any reason). Baseline measurements and demographic data were collected in the beginning of testing via the questionnaire. Follow-up measurements were collected at two further time points. Each questionnaire took around 30 minutes to complete. At each visit, participants were provided with a paper diary and asked to record their social and physical activities for a two-week period. One participant provided answers to the diary questions via a daily telephone call. Participants then returned to the University after two weeks to return the diary. Participants were also provided with a GPS tracker and an activity tracker. Written instructions on how to use the devices were made available to participants. These devices were carried/worn by participants for a two-week period (to coincide with the diary task). This meant that a wealth of lifelogging data was provided by participants during each two-week period. The two-week period did not necessarily overlap with that of other participants meaning that GPS trackers could be returned and provided to other participants. Details of the dates of data collection can be found in Table 1 . 
RESULTS
In these results, we document how quantified-self data can provide insight into wellbeing in the older adult participants. The two main dependent measures of wellbeing were the EQ-5D-5L scale (QoL; measuring health-related quality of life; [31] ) and the Personal Wellbeing Index (PWI; measuring overall wellbeing; [32] ). Both measure slightly different aspects of wellbeing. For the analysis we tested for relationships between the quantified measures of physical and social activity and the two wellbeing measures.
Descriptive statistics
The participants in the study showed a relatively high level of physical activity as indicated by daily steps (M (mean) = 6829 steps; SD (standard deviation) = 3499) and a relatively high level of self-assessed social involvement on a daily basis (M=3.68; SD=.68 -where 3 represented "neither involved nor uninvolved" and 4 represented "somewhat involved"). Personal wellbeing was also relatively high (M=7.54, SD=1.41 -assessed on a scale of 0-10 where 10 was equal to completely satisfied with life). Healthrelated quality of life (QoL) was also relatively high (M=4.36, SD=.54 -measured on a 5-point scale). Given the relative lack of diversity in these scores (apart from steps), we did not consider it warranted to split participants into groups based on scores of social or physical activity involvement to compare differences between high and low scoring participants. We did consider splitting participants based on step counts, but the consequently small sample size for each group did not produce significantly different outcome scores. Despite the use of a small sample size in the analysis, the independent variables used in analysis (steps, distance travelled, social involvement) represent averages of data gathered across the different time-points and across multiple days. This means that random error in the IV measurements is reduced.
Steps indicate wellbeing
The data showed a significant, moderate, and positive correlation between steps and Quality of Life (EQ-5D-5L) where r (Pearson's correlation coefficient) = .398, p (significance level) =.027. In a regression model, we also controlled for the effect of social involvement (self-reported). The model was significant F(2,30) =3.842, p=.034) and R 2 (variance explained) = .215. Mean daily steps were the only significant predictor in the model (β (strength of predictor) =.368, p=.038). This shows the usefulness of step count data in predicting health related quality of life.
Distance travelled indicates wellbeing
Using GPS data, we were able to track the location of older adults when they left their homes. By calculating the distance between two consecutive GPS points, we were able to calculate the speed of travel by dividing the distance by the time-difference between the two points. The total distance travelled, average speed travelled (including speed in vehicles), and average walking/running speed travelled (<7 km/h; based on findings in [52] ) were calculated for each day and matched with corresponding entries in the participant diaries. Positive mood was related to all three of the variables: distance (r=.107, p=.012), average speed (r=.096, p=.024), and average walking speed (r=.179, p<.001). We also looked at the relationship of this GPS data (averaged over the course of the project) with selfreported measures in the questionnaires (averaged over the course of the project). Distance travelled is related to improved QoL scores (r=.446, p=.015, n=29), increased wellbeing (PWI; r=.452, p=.014, n=29), and reduced fear of falling (r=-.463, p=.011, n=29). Interestingly, distance travelled is a stronger correlate of quality of life than steps, indicating the value of being able to use different predictors of wellbeing, especially if steps is not an appropriate measure for some users given specific disabilities.
Social involvement indicates wellbeing
Self-reported social involvement (via diaries) was not significantly correlated with either personal wellbeing (PWI) or quality of life. However, the latter was almost a significant correlation (r=.339, p=.05). Certainly, other aspects of wellbeing such as depression (r=-.413, p=.015) and loneliness (r=-.626, p<.001) were negatively correlated with social involvement indicating the positive effects of social involvement in reducing these specific issues. Given these associations between physical and social activity and the impact on wellbeing (and/or aspects thereof), we proceeded to investigate what types of physical and social activity were of most benefit to older adults. At this point, the life-logging data became very useful. Participants recorded what types of activities they were involved in, and what types of people they met with in the diaries.
Different types of activity provide different benefits
In the diaries, participants rated the extent to which they were involved in physical, social, cultural and creative activities. This provided a broad-brush approach to understanding the benefits of different types of activities. We found that cultural (r=.342, p=.047, n=34) and creative (r=.372, p=.031, n=34) activities have significant positive relationships to quality of life. Effects of social involvement are more prominent for other variables: psychological resilience (being able to cope with adversity) is stronger with increased social activity (r=.46, p=.006, n=34) and depression is reduced (r=-.413, p=.015, n=34). Perceived physical activity is also linked to reduced depression (r=-.445, p=.008, n=34). All the activities were linked to reduced loneliness but the relationship with social involvement, unsurprisingly, was strongest (r=-.626, p<.001, n=34).
While this data provides a broad overview of benefits, we were interested in the effects of specific types of activities. Word frequency queries of this data enabled us to quantify references to different types of activities and social contact and calculate the psychological effects of such activities/contacts. The different types of activities identified in the diaries are listed in Table 2 . Only activity-related nouns were identified, and stemmed words were not counted separately (e.g. walk and walking). Conceptually linked words were also collapsed (e.g. "coffee" and "lunch"). Frequencies less than 40 were not counted due to the lack of statistical power in smaller numbers. Using these different categories of activity, we were able to look at whether taking part in such activities more frequently over the course of the study was related to specific benefits overall. Participants who took part in an activity on a given day were scored 1 for that variable, while those who did not take part received 0. The average of participation across all the days was then taken and used as an index of how often the participant took part in a given activity. Relationships between each activity and various outcomes were then tested. The findings are presented in Table 2 . It also highlights activities that are particularly beneficial such as dog walking and meeting a friend for coffee or lunch. From a design perspective, knowing the benefits of such activities helps to guide the design of systems to recommend activities to improve wellbeing.
Different types of social involvement have different benefits
Similar to the process for identifying different types of activities, we also identified different types of social contact. In the diary we asked participants to identify who they met with during the day. We then observed the frequencies of words used to identify people they met to enable coding for the following types of people: friends (n=374), staff/assistants (n=257), neighbours (n=122), members/group (n=141), family (n=186). We found that meeting a friend was associated with higher perceptions of feeling active (r=.169, p<.001), being socially involved (r=.322, p<.001) and higher life space (r=.183, p<0.005). By contrast, meeting a neighbour had no significant correlations with any of these.
Meeting family members was associated with significantly higher moods (r=.114, p<.001 for overall PANAS scores: Positive minus negative scores) and led to higher feelings of social involvement (r=.126, p<.001). It is important to remember the benefits of family connectedness for older adults, and while this is not available equally to all older adults, cannot be forgotten about as an important source of well-being.
While the benefits of family connectedness via social contact are important, perhaps equally or even more important is connectedness with interest groups of various kinds. These kinds of groups include writing groups, pantomime groups, litter-picking groups, badminton groups, reading group and many more (all identified in the diaries). These have benefits for daily mood (r=.177, p<.001 for overall PANAS), perceptions of social involvement (r=.223, p<.001), cultural involvement (r=.214, p<.001), and creative activity (r=.14, p<.001). This involvement also has a small correlation with increased life-space (r=.118, p<.001). Much literature has pointed out the benefits of belonging to such social groups, and the evidence from this study shows the variety of benefits and that such effects are stronger than even family connectedness. Perhaps surprisingly, the benefits of social contact are not simply for common-bond or common-identity groups like families or clubs respectively, but even relatively minor social contact with shop assistants and other members of staff (at restaurants, banks, cinemas, etc.) have benefits for older adults. Meeting staff members was associated with small but significant benefits on positive mood (r=.102, p=.001) and while it did not lead to feelings of more social involvement, led to increased life-space scores (r=.137, p<.001).
We also investigated the relationship between meeting different types of people and scores across a range of measures in the questionnaires (averaged across the course of the project). Who a person reported meeting up with in their diaries was related to their well-being. People who more frequently reported meeting staff or family did not report higher well-being scores, but those who reported meeting group members more often also reported higher levels of well-being in the questionnaires (r=.391, p=.022, n=34). Also, intriguing was the finding that only meeting with group members seemed to act as a buffer against depression (r=-.405, p=.017, n=34). Likewise, loneliness was also reduced among those who more frequently met with group members (r=-.420, p=.013, n=34) and this relationship was also seen for those who met with friends (r=-.465, p=.006, n=34). These findings speak to the value of social meetings for older adults, but particularly to the importance of meeting with members of interest groups. Perhaps the combination of having a shared sense of purpose and social support provides this importance source of well-being.
Quantified activity data show temporal patterns
Understanding the activity patterns of older adults is not simply about understanding what activities and meetings are most beneficial, but it helps to understand the temporal pattern of activities. Doing word frequency queries on the diaries allowed us to see patterns across the seasons. We then plotted these different activities on a line graph as illustrated in Figure 1 . While we need to be cautious about generalising too much from this data, the graph shows that seasonal variation does affect activity choices. Some activities tend to dip (a U-shape) during the spring-summer months where there is better weather: shopping, exercise and going to religious buildings. Other activities show an increase during the spring-summer months (an inverted U-shape): walking, going for coffee/lunch and gardening. Understanding such variations is important for designing a recommender system that can offer appropriate activities for different times of the year. The data also shows evidence of weekly patterns. Categorising activities by day of the week when they are undertaken shows these patterns. Some activities occur most frequently at the weekend: gardening, religious service attendance, and shopping. Others are Looking at GPS distance patterns across the week shows that distance peaks on Wednesdays (midweek) and Saturdays. The fact that some activities are more frequent at the weekend and that distance travelled peaks on a Saturday suggests that while older adults might be retired, they do not necessarily spread their activities across the week. Indeed, the presence of things like markets and other events at weekends probably incentivises as much activity at the weekend as it does for non-retired people. Translating this to design requirements suggests that when encouraging activity in older adults, weekly patterns need to be considered.
DISCUSSION
The present study aimed to track a cohort of 35 older adults for 18 months to quantify their trajectory in terms of changes in activity levels and in a number of psychosocial parameters. We did this to generate the foundations for designing a system that recommends wellbeing enhancing activities for older adults. We anticipated that wellbeing and quality of life would be positively impacted by regular participation in physical, social and cultural activities. This was indeed true for our sample, as distance travelled, daily steps and social involvement were all indicators of wellbeing. This was also consistent with previous research, which ties participation in social and physical activities to health benefits [28, 33, 51] . Social and physical activities are in daily life more often than not intertwined and it is possible that their effects on wellbeing are synergistically enhanced. While it is clear that some benefits may come from the physical act of walking (as indicated by the positive correlations of steps and distance travelled with wellbeing) others come from the likelihood of meeting friends and relatives when travelling, rather than from the physical distance from one's home. We also found that mood was positively associated with walking speed. This is consistent with a whole body of literature, which links these two variables [47, 48, 51] . However, the relationship between them is far from clear and establishing causation is difficult. In our case, it is hard to show whether walking speed had caused increases in positive mood, or whether participants found themselves walking in a more upbeat manner because they were in a good mood to begin with. It is important not to draw incomplete inferences or make premature suggestions on this issue, as high walking speed is associated not only with benefits for older adults, but also with costs, such as risk of falls and injuries [44] . Once again, it is important to exercise caution when talking about wellbeing in the present context. Individuals who volunteered for our study were often relatively high functioning, mostly affluent and very active in social, cognitive and physical terms. A large proportion of our cohort had multiple hobbies (e.g. reading, gardening, geology, flying aircrafts, politics, art, art history, volunteering, and lifelong learning) and were involved in at least one physical activity or sport (e.g. golf, badminton, walking football, swimming, dancing, going to the gym, yoga etc.). Additional analyses suggested that the distribution of comorbidities of this group was skewed towards fewer age-related disabilities and health problems. As such, it is not too surprising that in this selfselected sample age-associated decline of activities, capacities and psychological parameters was not observed within the 18 months of tracking we conducted. Literature on ageing well suggests that wellbeing remains preserved or increases with age [12] [13] [14] 36] . Our findings are consistent with this notion, however it is important to keep in mind that in comparison to the general population, our cohort's scores were once again skewed towards higher than average wellbeing. The current study does not bring any additional insights on why wellbeing in this sample was higher than average to begin with and improved in time, however one explanation suggests that older adults may consciously and deliberately make a decision to be happy, that is they employ cognitive strategies to maximise their happiness [8] .
The present study also demonstrated that different types of activity provide different benefits for participants. For instance, feeling socially involved was positively associated with feeling resilient and negatively associated with feeling depressed. Involvement in cultural and creative activities was linked to increased quality of life, and perceived physical activity was linked to reduced depression. Walking and going to the gym was associated with participants feeling more physically active, going shopping was associated with a larger life space and religious activities was associated with feeling more socially involved. These finding informed the design of the system in a way which will ensure that it recommends to users building a rich tapestry of diverse activities to obtain a full spectrum of health benefits. One activity that produced positive changes on multiple parameters was dog walking. It was positively associated with expanding participants' life space and was associated with them feeling more physically and socially active. Consistent with previous literature [17] dog walking indeed facilitates increases in physical activity. However, we also found that dog walking was positively associated with meeting more people, i.e. more friends and neighbors were encountered on days when participants took their dog out for a walk. It is not quite clear whether dog walking was the cause of meeting more people, however in terms of intervention development it is evident that by targeting the physical domain, one may inadvertently affect the social and vice versa. It is important to note that when it comes to dog walking other variables may also be at play. For instance, cognitive and emotional factors may also be implicated, as it has been established that dog ownership can carry unique cognitive and emotional benefits to older adults [41] . Recommendations regarding becoming involved in owning a dog should be made with caution, as this is also associated with certain costs [43] . Our results also show that different types of social interaction had different effects on wellbeing. While meeting family members was positively associated with good mood and facilitated feelings of social involvement, participants also reported a great deal of positive impact from socialising in groups based on interests.
Complementing some research [16] , which suggests that expanding the number of confidants in older adults' social circle is related to psychological benefits, we found that even very low quality social interactions (e.g. with retail staff) contributed to mood improvements. This has an important implication for those older adults, for whom family connectedness or participation in interest groups are not available. It means that seeking any form of social involvement, even if it is relatively transient or fleeting, is worthwhile and may prevent broad-based morbidity and mortality associated perceived social isolation [10, 29] . However, given the distinct benefits of engaging with interest groups, we have designed our system to facilitate the engagement of interest groups. By involving the leaders of interest groups in disseminating events via the system, we aim to focus our attention on activities that promote most wellbeing for users.
Our results also indicated a temporal pattern to participants' behaviours, e.g. they were most likely to do gardening and shopping on weekends and exercising was a weekday activity, which peaked on Mondays and reached its lowest points at weekends. This indicates that such behaviours may largely be habit-driven and stem from automaticity formed most likely prior to participants' retirement. Designing for such temporal variation means that the system will need to adaptively recommend different activities for different days and seasons. Understanding, for example, that gardening is more common at weekends means that the system can encourage such activities at or for such relevant times. With regards to exercise patterns, Psychological Reversal theory [2] suggests that behaviours such as exercising are more congruent with goal-oriented ("telic") states of mind. Leisurely activities are conversely more easily embedded in playful and impulsive 'ludic' mindsets. This theoretical explanation may suggest that older adults see exercising as a conscious and conscientious effort towards health maintenance, rather than primarily a pleasure pursuit. Previous research suggests that older adults report various health benefits from exercising [23] .
A noteworthy artefact of our study was that a large proportion of the cohort (over 60%) demonstrated or discovered enthusiasm for self-monitoring (i.e. tracking). In the course of the longitudinal tracking, 13 participants decided they would like to wear the wrist activity tracker continuously and not just for the durations of data collection. Nine participants either already possessed their own tracking device (such as a Fitbit 4 , Apple Watch 5 , Android Watch, or phone step counter app) or decided to purchase one, based on experiencing self-monitoring while volunteering for the project. This willingness to self-monitor using activity-tracking technologies indicates that participants find value and recognise benefits that digital health aids bring. This is another point that requires a great deal of cautious interpretation, as it is constrained by the self-selecting nature of our sample. According to the Technology Adoption Life Cycle model [19] our sample likely consists of a mixture of early adopters and innovators-i.e. people who have the propensity to engage more enthusiastically with technological innovation or even contribute to its development. We had no access to harder to reach groups, e.g. older adults who may live in rural locations, are not too active and may lead an altogether more isolated life. The TALC model proposes that this population may be the so-called laggards/phobicsindividuals reluctant to adopt technologies. 4 https://www.fitbit.com/uk/home
Strengths and limitations
The present study had several strong points. Methodologically triangulated data was one of them. We used well-established, validated scales, which provided a standardised protocol for each time point. The use of diaries was another successful data collection technique, with which participants engaged well. It is important because it explores what people actually do to stay healthy rather than simply their stated preferences for activities which may vary from their actual behaviour [22] . Finally, activity tracking provided validation to participants' own perceptions on involvement in physical activity. The present study has several methodological limitations. Longitudinal tracking requires a certain amount of time commitment from participants and attrition rates are typically a problem for studies like ours. While we recruited 35 participants initially, we were only able to test between 70 and 80% of them at any given time point. And while an attrition rate of around 20% is to be anticipated, for a small sample like ours this can be quite problematic, therefore caution is advised in the interpretation of the results. However, the key uncertainty with which we are left after the present study has to do with generalizing our findings beyond the cohort we accessed and to populations of lower socio-economic status and lower to no engagement with activities and technologies. Future research may also wish to explore combining activity tracking with means for self-management of age related illness and disability, as they are an almost inevitable part of normal ageing and impact daily functioning of older adults. A further limitation of this research was the use of aggregate data to explore the relationships between the variables. This was to offer statistical significance to the relationships we were investigating. This provides the basis for understanding sources of wellbeing more generally, but in further work we want to explore individual variations in sources of wellbeing as we gather more data. This will further help us to identify ways of promoting accessible wellbeing.
How quantified successful ageing was used as a design resource for accessible wellbeing recommendations
There are many different ways of designing technology for wellbeing for older adults. One could conduct focus groups or workshops to ask older adults about the health issues that they want to track [18] . That could focus attention on areas of concern for older adults such as social interaction tracking, stress relief activities, or eating tracking. Another approach would be to administer questionnaires to find the topics older adults are interested in [11] -topics such as photos, recipes and bank statements. Still another approach would be to circumvent conscious input from the user and use ambient sensors to detect signals of wellbeing change [25] . Our approach is somewhat different. We suggest that older adults can be actively involved in the process of collecting data about their lives -something that they are often interested in -and that this data can be used as a design resource to understand what areas of their lives to target with support and intervention. For example, in this study we saw the importance for wellbeing of meeting with people from interest groups (such as a reading group or acting group). By monitoring such activities and designing to encourage such activities, we deliberately target what we know is beneficial for wellbeing and accessible to a range of older adults. Furthermore, the usefulness of longitudinal data for understanding wellbeing provides the basis for using that data in a personalized way in a recommender system. While we have considered aggregate data here, our system will offer personalized recommendations for users based on their own sources of wellbeing. While here we have pointed out sources of wellbeing in general, it may be that different users have different predictors of wellbeing and our system can monitor these predictors, identify their effects, and recommend accessible activities accordingly. Thus our social network is designed to encourage social participation and our findings support the notion of the central role of social activities in ageing well. The hypothesised mechanisms of impact of the system suggest that invitations for social activities will result in increased physical activity and ultimately improvements in quality of life and wellbeing. The system could provide opportunities for self-monitoring and behavioural tracking, to reward and reinforce physical activity efforts. Behavioural patterns such as completing one's shopping on a Saturday, gardening on Sunday and exercise on week days should be recognized and embedded within the recommendations, in order for the system to work in synchrony with users' habits.
Future work
Having identified the behavioural principles that facilitate successful behaviour change (easy, attractive, social, and timely [27] ), we have been able to focus on the kinds of activities that will be easy and attractive to users, will involve their social networks, and will be temporally suitable. In developing a recommender system around this, we propose several requirements:
1. The system should use both a content-based and collaborative filtering algorithm to recommend events to users consistent with previous research [15, 20, 37] . The content-based approach is suitable because often the events users identified as being engaged in are repeated events such as attending activity groups, classes or going to religious groups. The collaborative filtering approach is also suitable because it is through friendships that users are likely to find out about other interesting groups. This satisfies the requirement for an easy and attractive approach to behaviour change. 2. The recommender system should draw on social network data about users to understand when group members are planning meetings, and to facilitate organization of meetings between group members. This draws on the insight that meeting with other interest-group members has distinct benefits for wellbeing. We are already working on testing UI mockups for such a system. 3. The recommendations from the system must be timely. Not all events are suitable at all times. Using machine-learning, the system should understand when the user is most likely to leave home or attend events with friends. It should also distinguish between different times of the year (particularly relevant in countries where distinct seasons render some outdoor activities impossible) in order to provide these recommendations. For example, encouraging a walking group to meet for a walk on a wet winter day would not be appropriate, but recommending such an activity in the spring or summer could be timely and appropriate. In identifying these requirements, we aim to make explicit the connections between this user research and the design of the system so that it is more effective in producing positive change in the lives of the users.
Conclusions
In this study we tracked the trajectory of a group of older adults for 18 months. Our results suggest that social and physical activity are key factors for successful ageing and are implicated in the prevention of age-related decline in functioning. In addition, our findings suggest that social and physical activity are closely linked and positively impacting one of these activities is likely to affect the other in the same way. In conclusion, these results provide insight into how to use data from quantified older adults as a design resource to understand what benefits them most in order to design a system that seeks to offer accessible recommendations to create maximal benefits.
